Over a period of almost twenty years, clutch size and breeding success in the Montagu's Harrier were investigated in the context of changing environmental conditions in the species' natural breeding habitats in eastern Poland. During the study periods (1990-95 and 2003-12) a decline was noted in the number of breeding pairs in the population nesting on the calcareous peat bogs near Chełm, not far from the Polish-Ukrainian border. Statistically significant differences in breeding parameters between the two periods were also observed. In the first period clutch volumes were greater, as the dimensions of the individual eggs were larger; additionally, more eggs hatched and the hatchling survival rate was higher. Some habitat conditions were different in the two periods, with the water level and height of vegetation near the nests being lower in the second period. The harriers' food in the two study periods fluctuated strongly with regard to the content of small mammals and compensatory items. In the second period a distinct increase in predator pressure was noted. Pressure from terrestrial predators diminished whereas that from aerial predators increased. Broods in semicolonies, where birds actively defended their nests, enjoyed a higher rate of survival, as did nests situated far in from the edge of peat bogs. The results suggest that the decline in breeding numbers was driven by increased predation, which was in turn a consequence of habitat changes in the natural environment of eastern Poland.
INTRODUCTION
The Montagu's Harrier Circus pygargus is a medium-sized raptor nesting in farmland (Cramp & SimmonS, 1980 , 2000 Clarke, 1996; arroyo et al., 2004) and in natural wetlands and peat bogs, the latter particularly in eastern Europe (kroguleC & leroux, 1994; Wiącek, 2006 . In eastern Poland, declines in populations and breeding success of Montagu's Harrier have been observed in recent decades (Wiącek, 2007) . The species shows a tendency to nest semi-colonially throughout its range (arroyo et al., 2004; Wiącek, 2006b Wiącek, , 2008 kitowSki, 2008; krupiński et al., 2010) . The reproductive success of females in many bird species is partly determined by clutch size and egg size (BlaCkBurn, 1991) , and is influenced by food supply (StearnS, 1992; arroyo, 1998; arroyo & garCia 2006; kokS et al., 2007) .
The availability of food and its fluctuations even during a single season can seriously affect breeding success (tremBlay et al., 2003) . Studies on the effect of food on clutch size in Montagu's Harriers confirm this dependence (Salamolard et al., 2000; millon et al., 2008) : for example, young or poorly fed females lay fewer and smaller eggs (Salamolard,1998 (Salamolard, , arroyo et al., 2004 arroyo et al., 2007; millon et al., 2008) . The dependence between food abundance and breeding success is particularly conspicuous in vole-eating predators (korpimaki, 1990; Brommer et al., 2002) .
Being a ground nesting raptor, the Montagu's Harrier is itself vulnerable to predation (Clarke, 1996; SimmonS, 2000) . Harrier nests -usually situated on the edges of marshes in the natural environment of eastern Poland -are easily detected by terrestrial or aerial predators (Wiącek, 2007 . Another form of predation pressure is intraguild predation (Sergio & Hiraldo, 2008; Quinn et al., 2008) . One way of avoiding or decreasing the predation risk is to breed in semi-colonies (arroyo et al., 2001 Wiącek, 2008) . Many studies confirm that nesting aggregation is advantageous to breeding success in many avian species (Bertram, 1978; Quinn & ueta, 2008) . Mobbing behaviour is another means of enhancing brood safety in a semi-colony (arroyo et al.,2001; kitowSki, 2004; Wiącek, 2008) . The benefits of this behaviour are evident, because they decrease the predation risk and increase breeding success (BirkHead & moller, 1992; Brown & Brown, 1996) .
A further reason for the decline of harriers may be changes to the wintering habitats in the Sahel and mortality during migration and overwintering. The large-scale conversion of floodplain habitat into desiccated grasslands may lead to decreasing food resources and to sub-optimal environmental conditions for wintering harriers (liminana et al., 2007; Buij et al., 2012) . Changes in climate or land use in wintering areas are important for the survival of harrier species (liminana et al., 2012) . All these limiting factors may have contributed to a distinct decline in the numbers of this raptor nesting on peat bogs in eastern Poland.
The main objective of this paper was to analyse the changes in the breeding parameters of Montagu's Harriers during the last two decades on the calcareous peat bogs near Chełm in eastern Poland, in the context of environmental changes, fluctuating food resources and predator pressure.
STUDY AREA AND METHODS
Montagu's Harriers were monitored on the calcareous peat bogs (4309 ha) near Chełm in eastern Poland (51 o 10' N, 23 o 37' E). The study area is part of a Special Protection Area for birds within the NATURA 2000 network, located near the Polish-Ukrainian border (wilk et al., 2010). The dominant vegetation type is the sedge association based on Cladietum marisci. There the Harriers build their nests in clumps of sedges surrounded by water, or in partly paludine areas ). The study area was surrounded by farmland, which constituted the foraging habitat of the harriers (Wiącek, 2006a) .
The fieldwork was conducted during two periods, i.e. 1990-95 and 2003-12. Montagu's Harrier nests were mapped and monitored frequently (two or three times a week) from egg laying to fledging (from late April to the end of July). Observations started in the pre-laying period in mid-April. In total, 106 nests with complete clutches were found. Replacement clutches were excluded from the study. All nests were observed before being inspected. The laying date was estimated according to the method described by arroyo (2002) . If a few eggs were found in the nest, it was assumed that an interval of 2 days had elapsed between the laying of consecutive eggs (arroyo et al., 2004) . Eggs from 94 nests were individually marked in laying sequence and their lengths and widths measured (n=405, with callipers to the nearest 0.1 mm). 161 eggs were measured in the first period and 244 in the second. Egg volume was calculated with Hoyt's formula (1979): 0.51 x length x width 2 .
Weather data for May were analysed, when harriers started incubating, and all nests were found. The mean temperature during egg laying, maximum and minimum temperature, number of days with rainfall, and wind speed were obtained from www.TuTiempo.net, based on the nearest weather station at Lublin-Radawiec airport. The data given here on the composition of food are derived from several other studies conducted in the same study area: taBor & taBor (2005, 262 prey items collected during the incubation and nestling periods), Wiącek & NiedźWiedź (2005, 210 prey items collected during the pre-laying period), Wiącek & NiedźWiedź (2009, 618 prey items) and Zietek (2009, 967 prey items collected during the incubation and nestling periods). In the papers cited above, the Montagu's Harrier diet was determined on the basis of prey remains in the nests and pellet analysis (taBor & taBor, 2005; Wiącek & NiedźWiedź, 2009; Ziętek, 2009) or from the pellets and observation of birds carrying prey during food transfer Wiącek & NiedźWiedź (2005) . Pellets were collected during nest or perch inspections (two or three times a week).
To assess the effect of predation on Montagu's Harrier clutches, 78 nests of the 106 found were closely monitored: 30 in the first study period and 48 in the second. In the first period 15 adult Montagu's Harriers were caught and individually marked with coloured wing tags (koCHert et al., 1983; Wiącek, 2008) . The presence of young females in the study area was determined from feathers remaining in the nests or in flight by direct observation (millon et al., 2008) .
Clutch survival was defined as the number of days between the laying of the first egg and the last inspection, when at least one hatchling was alive in the nest. Most of the fieldwork carried out near the Harrier nests was based on the methods described by tyler et al. (1998) with modifications described by . Vegetation height, depth of water, internal and external nest diameter were measured accurate to 1 cm in mid-May. Vegetation density was measured near the nest at a distance of 0.5 m in plots of 0.1 m 2 . In the second study period additional measurements of vegetation density were made at a distance of 2 m from the nests. The numbers of plants were counted along a 1 m section, 0.5 m above the ground in a few randomly chosen spots in the vicinity of the nest. The measurements were averaged for each nest.
Categorisation of Montagu's Harrier nests as clumped or solitary was based on a behavioural criterion described by Wiącek (2008) . The distance between nests and the nearby meadows was measured with a tape or GPS receiver. The harriers' brood predators were determined from observations conducted near the nest, tracks (footprints) left near the nest, remains of the victims (bite marks on the feathers or eggs in the nest) or by using digital trail cameras (www. ecotone.pl). Four cameras were used in the last two study seasons.
Data analyses were done using logistic regression and nonparametric statistics (Mann-Whitney test, Kruskal-Wallis test and Spearman correlation). All analyses were carried out using Statistica 8.1. The study was conducted with the permission of the Local Ethics Committee for Animal Experimentation and the Regional Directorate for Environmental Conservation in Lublin. 
RESULTS

Number of breeding pairs
The observations conducted from 1990 to 1998 and from 2003 to 2012 show a significant decrease in the number of pairs nesting in the two peat bog reserves that were studied ( Fig. 1) : from 17 to 1 pair in the "Roskosz" reserve and from 19 to 2 pairs in the "Bagno Serebryskie" reserve (Table 2) .
Eggs, chicks and fledglings
The mean egg volume and the mean clutch volume per female were both larger in the first period than in the second one. There were significant differences between egg volumes in the two study periods ( Table 2 ). The mean dimensions of eggs laid in the 1990s were greater (4.25 x 3.37 cm) than in the second period (4.17 x 3.35 cm). The differences in egg length and width in the two study periods were statistically significant ( Table 2 ). The first and last eggs in a clutch were smaller than those laid in the middle of the sequence (Fig. 2) . In the 1990s, 3-, 4-and 5-egg clutches were reported (n=37), whereas after 2003 (n=66), one small clutch of 2 eggs and 2 clutches of 6 eggs were also recorded. The mean clutch size was similar in both periods (Table 2 ). In the first study period females started laying eggs two days earlier than during the second one. Nonetheless, the overall timing of egg laying did not differ statistically ( Table 2 ). The numbers of chicks hatched were different in the two study periods; in the first, the mean number of nestlings hatched was higher than in the second. The numbers of fledglings in the two study periods were also different: in the first period, the mean number of fledglings in all nests was higher than in the second one (Table 2) .
Nest and environmental factors
The nests built by the harriers in the two study periods differed in size. The mean diameter of nests built in the 1990s was smaller than that of the nests in the second period ( Table 2 ). The mean height of the vegetation near the nests as measured from the nest base were different in the two study periods, being higher in the first period than in the second one. The differences between the two periods were near-significant ( Analysis of the food composition in the two study periods (Table 1) reveals strong fluctuations in the numbers of small mammals, birds, reptiles and invertebrates in the harriers' diet. The percentage of common vole (Microtus arvalis) in the total mammalian prey also fluctuated strongly.
Brood losses
During the two study periods, 40 of the 78 Montagu's Harrier broods monitored were destroyed by predators and three others were lost for different reasons -in one case the nest was flooded and in the other two the eggs were addled. In the first study period in the 1990s, 20% of broods were destroyed by predators. The perpetrator in five cases was a predatory mammal, probably a fox, and in the sixth case it was a Marsh Harrier. In the second study period, 75% of broods were destroyed ( Table 2 ). The predators in these cases were corvids, which destroyed 19 (52%) broods, Marsh Harriers -9 (25%) and foxes or other mammals -6 (16%). All the eggs in two clutches turned out to be addled (5%) and one nest with eggs was flooded following very heavy rainfall (2%). During the first study period, there were also partial losses in 21 successful broods, from which at least one nestling fledged. The causes of mortality in the 32 chicks that died were starvation (30 chicks -94%) and sibling cannibalism (2 chicks -6%). In addition, six eggs were addled. In the second period, partial losses were recorded in 11 successful broods. Then, the causes of mortality in 20 chicks were starvation (11 chicks -55%), predation by Marsh Harriers (4 chicks -20%), sibling cannibalism (3 chicks -15%), drowning (1 chick-5%), trampling by wild boar (1 chick -5%); three eggs were addled.
Brood survival was higher in the 1990s than after the year 2000 ( Table 2 The main results.
of the nests (5 out of 6) destroyed by predators were situated outside the semi-colonies. The time elapsing between the construction of a nest in a semi-colony to its destruction by a predator was longer than if it was isolated, but the differences were not statistically significant (Table 2 ). In the second period (after 2000), when predator pressure was greater, nests in semi-colonies had a far greater chance of survival than nests built in isolation (Table 2 ).
In the first period, when water levels near the nests were low, predators destroyed nests situated closed to the edge of the peat bog. This relationship was statistically significant (Mann-Whitney test: z=2.48, P=0.012, n=30). In most cases (5) the predator was a fox or other mammal; only once was a Marsh Harrier the culprit. In the second period, when water levels were higher and it was generally harder for terrestrial predators to gain access to the nests than in the first period, no such relationship could be discerned (Mann-Whitney test: z=1.004, P=0.3, n=48). Interestingly, the water levels in the first period were similar around nests that were successful and those that failed (Mann-Whitney test, z=-0.72, P=0.45, n=30). The critical factors determining the success of a nest and enabling attacks by predators to be foiled was the distance from meadows and nesting in a semi-colony (Table 3) . Other parameters measured in the study area did not have any serious effect on brood survival in either of the study periods.
DISCUSSION
Breeding success
Egg sizes in the two study periods were significantly different. In the first one, the size of eggs (42.5 x 33.7 mm) was to my knowledge the largest described in the literature. In the second period, egg sizes (41.7 x 33.5 mm) were similar to those given by other authors monitoring harrier nests CorBaCHo & SanCHeZ, 2000; arroyo et al., 2004) . The differences in egg size between the study periods were probably the result of better food conditions during the first one; associations between the availability of food and breeding parameters of Montagu's Harriers have been found before (Salamolard et al., 2000; millon et al., 2008) . Alternatively, the smaller egg size in the second study period could have been due to a larger number of young females starting to breed in the second period, because young females produce significantly smaller eggs in comparison with older females (arroyo & garCia, 2006; arroyo et al., 2007) .
Clutch sizes in the Montagu's Harrier populations studied here were similar to the mean results from Europe cited by Cramp & SimmonS (1980) . They were distinctly larger than in the majority of studies reported from Italy and France. At some sites, clutch sizes were similar to our study, for example, in Charente-Maritime and Deux Sèvres in France or in England. However, in some places in Spain and Portugal these values were lower (arroyo et al., 2004) . The numbers of birds hatching in the two periods we studied were comparatively high, but the number of hatchlings was significantly lower in the second period than in the first one. These differences were due to greater predation pressure in the second study period. Nevertheless, both values were similar to the data obtained in France (arroyo et al. 2004 ), the Netherlands (SCHipper, 1979 , Spain (arroyo et al., 2004) and England (underHill-day, 1990) .
Food
During the two study periods, there were strong fluctuations in the availability of harrier food. The changes in the proportions of small mammals reflected the typical periodic fluctuations in the numbers of these animals (lamBin et al., 2006; liminana et al., 2012a) . In the periods when small mammals predominated in the harriers' diet ( Table 1) the proportion of other prey items decreased. In other periods, when mammalian food was not readily available, the proportion of other prey items compensating for the lack of small mammals, such as reptiles, birds or invertebrates, increased. According to the ornithological literature, mammals and birds are the most important components of the Montagu's Harrier diet (arroyo et al., 2004; terrauBe & arroyo 2011; liminana et al. 2012a ). This high-energy food is easier to assimilate than other items (tollan, 1988) . A link between the availability of common voles and the breeding parameters of Montagu's Harriers was demonstrated by research done in France (Salamolard et al., 2000; millon et al., 2008) . Analogous relationships were also found for owls (korpimaki, 1990 ) and kestrels (wieBe & Bortolotti 1994; wieHn & korpimaki 1997) . The proportion of common voles in the harrier diet, recorded in France, fluctuated between 33 and 86% (millon et al., 2008) , values that are similar to those we obtained in our study area (Table 1) . However, in comparison with other factors such as predation or age of the females, the food fluctuations observed in the study area in both study periods may have been less important for breeding success.
Predator pressure
The number of fledglings was different in the two study periods, decreasing significantly from 2.5 per successful nest in the first to 1.9 in the second period (from 2.3 to 0.45 in all monitored nests). The main factor limiting the number of fledglings was predator pressure. In the second study period, the mean length of time during which a nest was active was almost two weeks shorter than in the first period. Changes in predator pressure were due to mammalian predators (probably red foxes) and corvids during the incubation stage, and increasing predator pressure from Marsh Harriers in the nestling period (Wiącek, 2007) . The main reason for the increase in the red fox population has been the nationwide anti-rabies vaccination programme in Poland, which started just before 2000. The increasing pressure from corvids on Montagu's Harrier broods is due to the high density of Magpies and Ravens breeding in Poland in both study periods (jerZak, 2005 , BednorZ, 2005 , panek, 2005 ). An important factor facilitating access to harrier nests in the first study period was the low water level. In such conditions it was quite easy for terrestrial mammalian predators, mostly foxes, but also cats and feral dogs, to gain access to the nests (tryjanowSki et al., 2002 (tryjanowSki et al., , 2009 ). The first nests to be destroyed were those situated at the edge of the peat bog. Therefore, the distance between the meadows around the marshes and the harrier nests was important for breeding success in both periods. In the second period, the water level was far higher, so access to the nests was much more difficult. As a consequence, nest losses due to terrestrial predators were fewer, but against that there was much greater pressure on the nests from aerial predators like Marsh Harriers and corvids (Wiącek, 2007) . The losses caused by predators also depended on other habitat factors. One of these, enabling predators to discover nests in the second period, was the shorter vegetation close to the harriers' nests: this did not provide sufficient cover for incubating Table 3 Probability of breeding success in harriers explained by different variables (forward stepwise logistic regression). Only significant variables are shown.
females (arroyo et al., 2004 , liminiana et al., 2006 One factor significantly modifying breeding success in the Montagu's Harriers was their nesting in semi-colonies or in isolation. Brood losses from colonial and isolated nests differed significantly: colonial breeding was far safer (arroyo et al., 2001; Wiącek, 2008) . All the nests, whether in semi-colonies or in isolation, were built in patches of denser vegetation ), but the semi-colonial nests were situated in larger patches of optimal habitat. In heterogeneous natural habitats such as bogs or marshland, the size of available patches is more important for semi-colony formation than in fields, which are large, homogeneous habitats. The formation of a semi-colony in a field is probably behaviour-based, since the availability of optimal habitat offering a secure nest site is greater than in a structurally heterogeneous, natural peat bog. Evidence for this is provided by the greater distances between semi-colonial nests in fields in Spain and France than on peat bogs in eastern Poland (arroyo et al., 2001; Wiącek, 2008) . On a peat bog, the "capacity" of the optimal nesting habitat is limited, hence the greater density of nests in semi-colonies. In both variants, the basic factors as regards nesting are the availability of food in the vicinity of the semicolony and nest security (arroyo et al., 2001; Wiącek, 2008 . Additionally, the active conservation of some rare bird species, such as Aquatic Warbler Acrocephalus paludicola living in the same habitats as the Montagu's Harrier, has contributed to the destruction of the optimum structure of the nesting habitat utilised by this raptor. While mowing the tall vegetation growing on the peat bog optimises the habitat for some species, it destroys the habitat for other species with diametrically opposed habitat requirements (cranes, harriers or bitterns).
CONCLUSIONS
In the 1980s the study area boasted the greatest density of breeding Montagu's Harriers in Europe (kroguleC & leroux, 1994) . Observations conducted in this area over two study periods showed a decrease in the number of pairs nesting there (Fig. 1) . This was driven by changes to their traditional breeding habitat (higher water level, shorter vegetation, mowing or burning of sedge beds). This led to a deterioration in a whole range of breeding parameters, not to mention a rapid increase in predation pressure and strong fluctuations in food availability in the study area.
